I. INTRODUCTION
Iron-sulphide minerals in aqueous environment are of significant geochemical interest.
1,2 Not surprisingly, the interface between pyrite (FeS 2 ), the most common sulphide mineral on Earth, and water, has been widely investigated, both theoretically [3] [4] [5] [6] [7] and experimentally. 8, 9 Mackinawite (FeS) in aqueous systems has also attracted considerable attention, especially as an exceptional scavenger of heavy metals and radionuclides. 10 FeS has been shown to adsorb and reduce mercurium to its elemental state, thereby limiting the formation of toxic methylmercury in sediments. 11, 12 Similarly, the catalytic reduction of soluble hexavalent uranium by FeS provides an effective method for remediation of contaminated groundwater. [13] [14] [15] Recently, increasing interest has been concentrated on the role of mackinawite as a possible catalyst in the formation of primordial organic molecules at hydrothermal vents. 16, 17 Indeed, experiments simulating chimney growth under early Earth conditions have revealed the presence of mackinawite, 18 while it has been demonstrated that FeS surfaces can activate carbon dioxide as a first step towards the formation of larger compounds. 19 FeS layers with intercalated water molecules have been suggested to provide reactive compartments. 20 The adsorption of ions and molecules on mineral surfaces is affected by the structural and dynamical properties of interfacial water, with implications for potential applications of mackinawite. 21 However, despite its relevance, the interface between FeS and water has rarely been investigated, 20 and little is known how the mineral influences the properties of the interfacial water.
Here, we present a molecular dynamics (MD) investigation of water at the interface with the dominant mackinawite (001) surface. The emerging picture is that of a hydrophobic substrate which clearly affects the properties of nearby water. In addition, our findings show that both the structure and dynamics of water change dramatically when the extreme thermodynamic conditions, typical of hydrothermal vents, are taken into account.
II. METHODS

A. Interface models
Mackinawite consists of layers stacked along the c-axis, held together by Van der Waals forces. 22 Each layer is formed by FeS 4 edge-sharing tetrahedra arranged in a tetragonal lattice (a = b = 3.67 Å, c = 5.03 Å 23 ), shown in Figure 1 . Due to the lack of dangling bonds, the (001) surface is the most stable, and shows little relaxation compared to the bulk material. 24 In order to model the interface, we have started from a 9 × 9 × 5 supercell of mackinawite, containing 405 tetragonal Fe 2 S 2 units. We have expanded the c vector of the supercell to 67 Å, creating a vacuum of around 40 Å to be subsequently filled with water molecules. After testing, we have found that the addition of 1523 water molecules into the cavity reproduces in the centre of the supercell the desired water density of 1.01 g cm −3 , 25 which guarantees that molecules at the interface are in equilibrium with water under ambient conditions. The periodic simulation cell is illustrated in Figure 2 .
To reproduce the interface at a typical hydrothermal vent condition (500 K, 400 atm), we have adjusted the total number of water molecules. We have performed preliminary tests and verified that 1296 water molecules mimic the corresponding tabulated water density (0.87 g cm −3 26 ) in the centre of the supercell.
B. Simulation details
MD simulations were carried out with DL_POLY_4, 27 using the force field introduced in Ref. 28 , which we derived by refining, and consistently merging with the SPC/Fw model of water, 25 a set of existing interatomic potentials for the mineral. 24 In this force field, the mackinawite pairwise interactions can be written as a function of the interatomic distances r i j , where A, ρ, and C are the coefficients of Buckingham potentials, and q i the electrostatic charges of the atoms. To take into account polarisability effects, each sulfur atom is represented by a core and a massless shell interacting through a harmonic potential,
where k s is the shell force constant, and r i j the core-shell distance. In addition, a three-body term acts between the S-Fe-S angles, where θ 0 is the tetrahedral S-Fe-S angle, and k tb the associated force constant. The interaction potentials between water and mackinawite are given by
where ε and σ are, respectively, the strength and the equilibrium distance of the Lennard-Jones 12-10 potential. The force field parameters are listed in Table I . In Ref. 28 , we have shown that they accurately reproduce density functional theory results of water adsorption on the low-index surfaces of mackinawite, and that the force field description of the behaviour of water intercalated into the FeS layers under extreme thermodynamic conditions is very similar to that found by ab initio MD. 20 We have employed the NVT ensemble, 29 with a thermostat relaxation time of 0.1 ps. The MD simulations ran for 1 ns, and the data were collected during the last 0.5 ns of trajectory. The time step corresponded to 0.5 fs. The smoothed particle mesh Ewald method was used to calculate the long range electrostatics, 30 with a precision of 10 −6 . The real space part of the electrostatics calculations and the van der Waals potentials had a cutoff of 9.0 Å. Following the adiabatic method proposed by Mitchell and Fincham, 31 shells were assigned a mass of 0.1 Da. Figure 3 shows the O and H density profiles along the normal to the interface. Three distinct layers of water are formed (L1, L2, L3), which can be assigned, respectively, to the O peaks at 2.95, 5.85, and 9.85 Å. The first H peak is at 3.05 Å, very close to the O peak in L1. Combined with the relative intensity between the two, it suggests the presence of a large fraction of molecules lying flat on the surface. Overall, the O density profile is typical of a hydrophobic substrate. For example, graphene, 32 talc (001), 33 and pyrophyllite (001) 34, 35 all share with mackinawite a thick region of depletion of water away from the surface, as well as similar separations between the peaks. One exception is the presence of a shoulder in the H atomic density, at around 1.8 Å, which we attribute to a small fraction of water molecules in L1 forming hydrogen bonds (HBs) with the surface.
III. RESULTS
A. Density profiles
B. Orientational and spatial ordering
In order to analyse the orientational ordering of water, we have introduced the angles β and φ, defined, respectively, as the angle between the normal to the plane of the water molecule and the surface normal (oriented towards the liquid phase), and between the OH vectors of water and the surface normal. Figure 4 shows the probability distributions of cos β and cos φ in the three layers. In L1, cos β has its most probable value at +1, i.e., evidence of a situation where the majority of water molecules stay flat in the proximity of the surface. Due to the geometry of a water molecule, in this configuration, both the OH vectors form an angle φ = 90
• . Molecules with this particular orientation, hereafter referred to as type Ia, are a hallmark of interfacial water on hydrophobic surfaces and follows from the necessity of maximising the number of HBs in the disrupted network at the interface. [36] [37] [38] In the L1 distribution of the angle between OH and the surface normal, a maximum at cos φ = 1 indicates a fraction of water molecules, which we will refer to as molecules of type Ib, with one OH vector aligned to the surface normal, and a second constrained at φ ≈ 110
• . This contribution at cos φ ≈ −0.3 mixes with the one at cos φ = 0 given by molecules of type Ia (for which FIG. 4 . Upper panel: probability density of the cosine of the angle β between the normal to the mackinawite (001) surface and the normal to the water molecular plane; lower panel: probability density of the cosine of the angle φ between the normal to the mackinawite (001) surface and the OH vector of water. φ = 90
• ), resulting into a single broad maximum centred in between the two. We note that the two preferential orientations in L1 coincide with those of water confined between graphene planes. 39 In L2, the cos φ distribution shows two preferred orientations at φ ≈ −1 and φ ≈ +0.4, consistent with a single geometry where one OH vector is oppositely aligned to the interface normal. We will refer to these molecules as type II. We note that molecules in L3 have flat distributions, as we would expect for water molecules in the bulk. The angular ordering described above can be seen in a MD snapshot in Figure 5 .
Beside characteristic orientations, water molecules in L1 of types Ia and Ib exhibit different propensities to reside on the surface. In order to visualise this, we show in Figure 6 their different surface distributions. While molecules of type Ib have no particular preferential location on the x-y plane, molecules of type Ia reside at the centre of squares whose vertices are the topmost S atoms. The presence of weak adsorption sites for water, reflecting the substrate geometry, is typical of hydrophobic clay minerals. 33, 35 It is worth mentioning that we did not find any lateral order for molecules either in L2 or L3. 
C. Hydrogen bond network
The ordering described in Subsection III B is closely connected to the HB network. As a criterion for water-water hydrogen-bonding, we have adopted a O-O distance smaller than 3.5 Å, and a O-H-O angle larger than 150
• . 40 For water-surface hydrogen-bonding, we have adopted a O-S distance smaller than 3.7 Å, and a O-H-S angle larger than 
140
• . 41 If these criteria were satisfied, we assigned the bond to the mid-position between the donor and acceptor atoms. Figure 7 shows the HB density profile as a function of the distance z from the surface. A peak at 3.05 Å, very close to the peak of the first layer in the density profile (2.95 Å), suggests the formation of a strong intra-layer HB network, while a minor peak at 6.45 Å can be attributed to the intra-layer network of the second water layer. In between, a shoulder marks the formation of inter-layer HBs, which is consistent with the picture of OH vectors of type Ib and II molecules pointing, respectively, towards and oppositely to the surface normal. As in the atomic density profiles (Figure 3) , the third peak is almost indistinguishable, which reflects bulk behaviour of water. As shown by the ratio between the water-surface and the main intra-layer peak intensity, water molecules in L1 prefer to form HBs between themselves rather than anchoring to the surface. Figure 8 depicts the distribution of the number of HBs per water molecule in the three layers. For comparison, we also plot results for a fourth region (B) centred at 22 Å from the surface, and with a thickness of 4 Å. The distributions in L2 and L3 coincide with that in B, and the average number of HBs per molecule, n HB , is around 3.0 in the three regions (Table II) . In contrast, the distribution in L1 is different. Here, although the most probable HB value remains three, the fraction of water molecules forming two HBs is larger than that forming four, which reverses the scenario described above. As a consequence, the average of the distribution drops to 2.75 HBs per molecule. We emphasise that, in L1, the fraction of HBs formed with the surface contributes only to a minor extent to the total fraction of HBs in the network, as clearly confirmed by Figure 8 . Quantitatively, we find that only around 10% of the S atoms of the topmost plane accept on average HBs from water molecules.
D. Residence time
In order to estimate the residence time of water in the three layers (L1, L2, L3), we have calculated the residence correlation function of water,
where the brackets indicate an average over water molecules and time origins t 0 , while the Heaviside step function θ(t 0 + t) equals 1 if a water molecule has never left the layer of interest in the time interval [t 0 , t 0 + t], and 0 otherwise. This definition corresponds to a continuous residence correlation function, as water molecules which temporarily leave their initial layer do not contribute to the statistics anymore. In Figure 9 , we plot R(t) in the three layers. It can be noted that water molecules remain confined longer in L1 than in the other layers. A longer permanence of water has been reported also in the first layer of graphene, where the residence time τ R , defined as the time required for R(t) to decay to 1/e was of the order of tens of ps. 32, 43 On the (001) surface of mackinawite, τ R corresponds to 22.0 ps in L1 and drops to 5.5 and 6.5 ps, respectively, in L2 and L3. In order to be able to make a comparison with the behaviour of water in the bulk, we have calculated R(t) also in the region B defined in Subsection III C, and subsequently normalised all τ R by the thickness of the layers (4.75, 2.70, 3.90, and 4.00 Å for L1, L2, L3, and B, respectively). 44 The resulting τ ′ R , listed in Table II , are independent of the extension of the regions along the surface normal and suggest strong surface effects TABLE II. Average number of HBs per molecule (n HB ), residence time (τ R ), normalised residence time (τ ′ R ), and in-plane self-diffusion coefficient (D x y ) of water at the interface with the mackinawite (001) surface. in L1. The impact of the surface is much weaker, but still appreciable, in L2 and L3.
E. Translational dynamics
Having demonstrated that the presence of the surface causes water molecules to stay longer in L1, we have investigated how the underlying mineral affects the diffusion of water. To this end, we have calculated the in-plane mean square displacement of the water oxygens belonging to a given region,
where the average is over both time origins t 0 and water molecules remaining continuously in a given layer in the time interval [t 0 , t 0 + t]. Once a molecule is not detected in that layer, it does not contribute to the calculation of MSD x y anymore. We present the results in Figure 10 . Water molecules in all the layers of the mackinawite interface are slowed down compared to the bulk, but the effect is particularly strong in   FIG. 10 . Mean square displacements of water in the four regions of the mackinawite (001) surface. L1. By fitting the MSD x y curves to straight lines, it is possible to obtain a rough estimate of the self-diffusion coefficients in the x-y plane, defined by the Einstein relation,
An exact evaluation of D x y would require accurate statistics at very long times, which, due to the short residence time of water in the layers, we are not able to obtain. Consequently, our value of D x y in B (2.58 × 10 −5 cm 2 s −1 ) slightly differs from the expected value for three dimensional SPC/Fw bulk water (2.32 × 10 −5 cm 2 s −1 25
). However, in this analysis, we are more concerned with the comparison of D x y between the regions, and not with determining its exact value.
As shown in Table II , the self-diffusion coefficient in L1 is reduced by ≈24% compared to the value in B. Interestingly, the diffusion of water is affected by the mineral even in layers as far as L3, where a 6% discrepancy with the coefficient in B remains. The reduction in mobility parallels the increase in residence times of water within the layers and is in line with the dynamical behaviour described at hydrophobic crystalline materials 45 and graphite-CH 3 plates.
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IV. EXTREME CONDITIONS
Finally, we have considered the behaviour of interfacial water at the conditions typical of hydrothermal vents (500 K, 400 atm), where mackinawite has been postulated to catalyse the formation of primordial organic compounds. We stress that ab initio MD simulations of water intercalated between mackinawite sheets under very similar thermodynamic conditions have not captured any surface reactivity, 20 validating the use of a classical approach to investigate the interface.
In Figure 11 , we compare the density profiles of water under ambient and extreme conditions. In terms of peak positions and depletion regions, the differences between the two are negligible. However, we note the disappearance of the third layer of water, together with a reduction of the intensities of the peaks with respect to the bulk value. Figure 12 displays the distributions of cos φ in L1. As indicated by a smoother curve, the fraction of water molecules of both types Ia and Ib is smaller under extreme conditions, suggesting less orientational ordering. The analysis of the HB network reveals that around 20% of the HBs in each layer are lost (Table III) . This effect has also been observed for water confined in graphene nanochannels 39 and is consistent with the tendency of water to appear less structured.
The most significant differences arise when dynamical properties are investigated. Table III shows that under extreme conditions all the residence times diminish, while the selfdiffusion coefficients increase by an order of magnitude, as expected from the diffusion behaviour of bulk water. 47 These results are in line with the faster desorption rate of water reported on graphene. 39 Similar to ambient conditions, water is slowed down at the interface compared to the bulk, but the bulk behaviour is approached at distances from the substrate as close as 5 Å.
V. CONCLUSIONS
We have performed MD simulations to characterise the structure and dynamics of water in contact with the most stable (001) surface of mackinawite. We find the behaviour of water to be consistent with that determined by a hydrophobic substrate. Accordingly, instead of hydrogenbonding to the surface, water molecules in the first layer show an unambiguous tendency to form intra-layer HBs. The ordering induced by the mineral, lost beyond distances of ≈8 Å, is accompanied by a slower diffusion of interfacial water molecules compared to the bulk.
When moving to extreme thermodynamic conditions of high temperature and pressure, the structural and orientational ordering of water reduces substantially, while the HB network is severely disrupted, as found by ab initio MD of supercritical water on pyrite. 48 However, it is in the dynamical behaviour that the most important differences manifest themselves, with self-diffusion coefficients increased by an order of magnitude.
The hydrophobic nature of mackinawite, especially under the conditions typically encountered in the deep ocean, seems to exclude the possibility of intercalation of water molecules between expanded FeS layers. However, it thus highlights the importance of also investigating edge surfaces exposing undercoordinated Fe 3 S and FeS groups, 49 which we intend to examine in future work.
